Abstract. Two laboratory measurements of homogeneous freezing of aqueous sulfuric acid particles are critiqued: The first by
INTRODUCTION
Homogeneous freezing of aqueous ammonium sulfate droplets is a possible source of first ice in cirrus clouds (ref. [1] [2] [3] [4] [5] . Data for ammonium sulfate are lacking so data for sulfuric acid are of interest. There is a discrepancy between laboratory measurements of homogeneous freezing of aqueous sulfuric acid. The Bertram et al (1996) experiments give higher freezing temperatures than those reported by Koop et a/(1998). Bertram et al pass an aqueous sulfuric aerosol through a cold tube. At the downstream end of the cold tube spectroscopy is used to detect freezing and to measure acid concentration. Koop et al deposit drops on a quartz plate coated with silane to avoid vapor deposition. They cool the quartz plate and watch the drops under a microscope to observe freezing temperatures. When all the drops are frozen, the quartz plate is heated and the melting temperature of each drop is used to determine the composition of each drop. For each experiment we propose an experimental artifact which might explain the discrepancy and then we perform calculations for the proposed artifact. Bertram et al (1996) pass sulfuric acid particles through a plenum chamber kept at -40C and then into a colder flow tube about 5 cm diameter and 150 cm long (dimensions from J.J. Sloan, personal communication) with a mean flow velocity of about 1 cm/s. At the exit end of the flow tube, FTIR extinction spectroscopy is used to measure the weight percent sulfuric acid of the particles (wt %) and to detect freezing. This wt % is adjusted by varying the conditions in the aerosol generator. For a given wt %, extinction spectra are measured at a variety of flow tube temperatures. One possible experimental artifact is that if the particle composition varies with axial position (z) in the flow tube, the freezing nucleation rate (J) could be a decreasing function of z such that the composition at z = 150 cm is not the effective one.
CALCULATIONS FOR THE BERTRAM ET AL EXPERIMENTS
To test for this artifact, the bulk mean temperature and water vapor pressure in the flow tube were computed as a function of z. To simplify the computation, condensation on the particles was treated as a perturbation quantity having only a small influence. Thus the Nusselt number for heat transfer as well as for vapor transfer were approximated to be the same function of Graetz number as for the case with zero condensation (Shah and London, 1978) . The growth rates of the particles were computed, and J values were calculated using the theory reported by Khvorostyanov and Sassen (1998) , but freezing was not allowed to occur. If this analysis shows the effect of condensation is small, and that the calculated J field decreases with z, the proposed artifact is shown to be significant. If the effect of condensation is large, the simplifying assumption is violated and the results are inconclusive.
The saturation ratio with respect to ice (SRI) is assumed to be unity at the entrance and on the wall. The entrance temperature is -40C, and the wall temperature is 208K. The particle radius at the inlet is 0.3 |nm, and the inlet wt % is taken to be 70 %. Let N denote the number of aerosol particles per cc of gas. Fig. 1 has about the right mean J for 50% of the drops to freeze. The peak J for the top curve is at about z = 45 cm. At this point the SRI is also at its peak value (SRI = 1.315) and the wt % is 28.8. The effective wt % (that most of the drops freeze at) is thus 28.8%. At the exit of the chamber, the SRI is at 1.18 and the wt % is 32.1%. Since the wt % is measured at the exit, the effective wt % is thus overestimated. This error would be in the right direction to explain the deviation with Koop et al The shape of the bottom two curves is ideal in that the J is rising or flat, so that measuring wt % at the exit would give a good measure of the drop composition at freezing. But the bottom two curves have such low nucleation rates that freezing would not be observed. Because the four curves of Fig.2 are so different, The N values are too large to treat condensation as a perturbation quantity, and thus the computation is in error by unknown amounts. For values of N sufficiently low that condensation is a perturbation quantity, the analysis shows J decreasing strongly as z increases. These results are computationally accurate, but do not apply to Bertram et al because the N values are well below their estimates.
In summary, these calculations are inconclusive in proving the proposed artifact, but they show that condensation and evaporation have the following tendency: Near the entrance, condensation lowers the peak SRI and moves it downstream. In the downstream region, evaporation keeps the SRI value bigger than unity, in that the aerosol temperature has reached the wall temperature, but the vapor pressure has not reached the wall vapor pressure. The effect of condensation and evaporation is thus in the right direction to validate the Bertram et al experiments. Koop et al (1998) describe an experimental artifact which takes place for cooling rates slower than they used for their final measurements; viz., the first drops to freeze act as sinks for water vapor coming from the unfrozen drops. They show the effect of varying the cooling rate for the case of almost pure water, but it seemed worthwhile to explore this artifact for particles with higher acid content. A simple deterministic calculation is to assume that 50 % of the particles have a slightly different composition than the other 50%. Alternatively, one could assume that 50% of the drops are slightly wanner than the other 50%. We have calculated the water diffusion rates for both types of perturbations, and find that the perturbation does grow during the cooling process so that significant composition changes result by the time all drops have frozen. However, these changes reverse during the heating process, such that the final error in measured composition for the first-frozen drops is about the same magnitude as the perturbation assumed. The last-frozen drops in all cases have the same composition on melting as they do on freezing. Fig. 2 shows the computed behavior. The top dotted curve is the melting curve by Gable et al (1950) . The bottom dotted curve is an assumed median freezing curve (the one by Bertram et al is chosen). Point e represents drops with 23.37 wt % which have just frozen. Point a, at the same temperature as e, represents 26.43 wt % drops. During the cooling process (lOK/min), the frozen drops move from e to f, and the unfrozen drops move from a to b, where they freeze. Then the drops are heated at the standard (reported) rate of 1 K/min. For the paths from b to c and f to g, both drop populations have the vapor pressure of ice so there is no composition change. At point c, the lastfrozen drops melt. Thereafter, they move from c to d. The calculated diffusion rate is such that the melted drops follow the melting curve in composition, thereby supplying vapor to the frozen drops, which follow the path from g to h, where they melt, and where their composition equals that for the other population of drops. Fig. 2 is for 7.8 |im radius particles at point a and at point e. The composition at d and h is 24.8%. The reciprocal of the wt % at d and h is the average of the reciprocals of the weight percents at a and e. When a heating rate of 100 times the standard heating rate is assumed, the path from c to d at first travels into the region above the melting curve, but the points d and h still have the same composition.
CALCULATIONS FOR THE KOOP ET AL EXPERIMENTS
The particle size for Fig. 2 is near the middle of the range stated in the paper. For smaller sizes, the changes in composition during cooling (difference between a and b or e and f) are larger, but the points d and h still have the same composition. The large change in composition (between a and b or e and f) explain why Koop et al found it necessary to do drop-by-drop measurement of composition and freezing temperature.
In conclusion, the final error is about a quarter of the assumed perturbation. The perturbation is divided in half twice: first because for half the population the freezing composition is measured correctly; second because for the other population the freezing composition is overestimated by half the assumed perturbation. This error is not large enough, and is in the wrong direction, to explain the deviation with the Bertram et al experiments.
